The complete nucleotide sequences of the cDNA and its gene that encode a bifunctional -amylase/subtilisin inhibitor of rice (Oryza sativa L.) (RASI) were analyzed. RASI cDNA (939 bp) encoded a 200-residue polypeptide with a molecular mass of 21,417 Da, including a signal peptide of 22 amino acids. Sequence comparison and phylogenetic analysis showed that RASI is closely related to -amylase/subtilisin inhibitors from barley and wheat. RASI was found to be expressed only in seeds, suggesting that it has a seed-specific function. A coding region of RASI cDNA without the signal peptide was introduced into Escherichia coli and was expressed as a His-tagged protein. Recombinant RASI was purified to homogeneity in a single step by Ni-chelating affinity column chromatography and characterized to elucidate the target enzyme. The recombinant inhibitor had strong inhibitory activity toward subtilisin, with an equimolar relationship, comparable with that of native RASI, and weak inhibitory activity toward some microbial -amylases, but not toward animal or insectamylases. These results suggest that RASI might function in the defense of the seed against microorganisms.
Plant seeds contain several proteinaceous inhibitors acting on -amylases and/or proteases. 1) On the basis of molecular structure, these inhibitors have been subdivided into 10 or more families. 1, 2) Recently, bifunctional double-headed inhibitors toward two unrelated enzymes, -amylase and subtilisin (Bacillus subtilis serine protease), including RASI (rice -amylase/subtilisin inhibitor), 3, 4) BASI, 5) WASI, 6) and TASI, 7) have been purified from rice, barley, wheat, and triticale respectively and characterized. These inhibitors are members of the soybean Kunitz trypsin-inhibitor (STI) family, with a molecular mass of 20 kDa, and are distinct from cereal -amylase/trypsin inhibitors, with a molecular mass of 14 to 16 kDa, some of which have been reported to be allergenic proteins. 2, 8) Since all bifunctional -amylase/subtilisin inhibitors strongly inhibit serine proteases of the bacterial subtilisin family but not of the mammalian trypsin-chymotrypsin family, they have been implicated in plant defense mechanisms against microorganisms. During cereal seed germination, endospermal starch is hydrolyzed by -amylase into metabolizable sugars. Since BASI can strongly inhibit endogenous -amylase (AMY2) in barley malts, its possible role in the regulation of seed germination, especially in the prevention of precocious germination, has also been discussed. 5, 9) We have purified RASI from rice bran and characterized it.
3) The molecular mass of the inhibitor was estimated to be 21 kDa, and its isoelectric point was pH 9.05. The inhibitor contained two intramolecular disulfide bridges. RASI was in the outermost part of the rice grain, synthesized in the late milky stage in developing seeds and remained fairly constant during the first 7 d of germination.
3) It strongly inhibited subtilisin Carlsberg. In contrast with BASI, however, RASI only weakly inhibited -amylase from germinating rice seeds.
3) Although RASI was once described as a potent inhibitor against -amylase from the larvae of the red flour beetle (Tribolium castaneum), no data to support this was shown in the report, 4) and no details of the inhibitory activity of RASI toward insect -amylase have yet appeared.
To investigate further the target enzymes of RASI and to understand the mechanisms of tissue-and stagespecific expression of the RASI gene, cloning of the cDNA and preparation of a large amount of RASI protein are necessary. We present here the complete nucleotide sequences of cDNA and gene for RASI and compare them with those of other bifunctional inhibitors whose sequences are known. Also, we characterize the recombinant inhibitor in terms of its inhibitory activity toward subtilisin and several -amylases from animals, insects, plants, and microorganisms, and discuss the possible biological roles of RASI.
Materials and Methods
Plant materials. Rice (Oryza sativa L. Japonica cv Nipponbare) was field-grown at the experimental farm attached to the Faculty of Agriculture of Kobe University, from the middle of May to the beginning of September. The rice seed matured in about 45 d. Leaves, stems, and mature seeds of grown plants and roots and shoots of young seedlings were harvested, frozen in liquid nitrogen, and stored at À80 C until use.
Reagents. Restriction and modification enzymes were obtained from New England Biolabs. (Beverly, MA), Boehringer Mannheim (Indianapolis, IN), and Promega (Madison, WI). A Megaprime DNA labeling kit, Hybond-N nylon membrane, and [-32 P] dCTP (3,000 Ci/mmol) were obtained from Amersham Pharmacia Biotech (Piscataway, NJ). Bluescript plasmid was from Stratagene (La Jolla, CA). gt11 forward and reverse primers were from Takara Shuzo (Kyoto, Japan). The rice genomic DNA library that contained partially Mbo I-restricted fragments of rice genomic DNA within the Bam HI cloning site of the EMBL3 vector was the gift of Professor Kunisuke Tanaka. -Amylases (EC 3.2.1.1) from barley malt, Bacillus subtilis, Bacillus globigii, Aspergillus oryzae, human saliva, and porcine pancreas were purchased from Sigma Chemical (St. Louis, MO); Subtilisin Carlsberg (EC 3.4.21.62) was purchased from Nagase Sangyo (Tokyo); soluble starch was purchased from Nacalai Tesque (Kyoto, Japan); and Hammarsten casein was purchased from Merck (Darmstadt, Germany). All other commonly available reagents were of analytical grade.
Cloning of RASI cDNA. For screening of RASI cDNA from the rice cDNA library, the BASI gene (GenBank accession no. Z12961) was used as a probe, since the amino acid sequence of RASI 4) is fairly similar (61% identity) to that of BASI. 10) Barley genomic DNA was prepared from 0.4 g of young leaves of barley (Hordium vulgare L. cv Kawahonami) according to the method described by Edwards et al. 11) Then the BASI gene, which has no intron, was amplified by PCR from 2.5 mg of the genomic DNA with oligonucleotide primers B1 (GGGGAAGCTTGCAGTCTCACTTGACCTC) and B2 (GGGGGAGCTCGGTGGCGCCCAAGAACCA), which were synthesized on an Applied Biosystems 380A oligonucleotide synthesizer (Foster City, CA). The amplified DNA (0.6 kb) was subcloned into the SmaI site of pBluescript SK À vector and sequenced. The DNA sequence of the PCR product was confirmed to be the same as the corresponding region of the BASI gene. Then the BASI DNA sequence corresponding to A 7 to C 627 of the cDNA 10) was cut out from the plasmid with HindIII and SacI and used as a probe for screening of RASI cDNA from a rice cDNA library, which was constructed from mRNA isolated from the aleurone layer of rice seed 14 d after flowering and introduced into ZAP phages. 12) One positive clone was obtained from the cDNA library (5:4 Â 10 5 phages) after the second screening. The plasmid (pRASI111) was excised in vivo from the phage, and the insert DNA (RASI111) in the plasmid was sequenced.
Cloning of RASI gene. The EMBL3 rice genome library (5:4 Â 10 5 phages) 13) was screened for plaques that hybridized to the 32 P-labeled probe prepared by PCR of RASI111 cDNA with synthesized oligonucleotide primers RASI 3 0 -1 (GGGGCTGCAGAGTAAAC-GAGGGGAGGGGA) and RASI 3 0 -2 (CCCCCTGC-AGTCCGGCTGGGCCAGACAG). A hybridizing clone (clone 34b) was detected, and from it a 0.8 kb ApaISacII fragment and a 2.0 kb SacII-SacII fragment, which hybridized with RASI cDNA as well as a 0.74 kb SalIApaI untranscribed upstream fragment, were subcloned into corresponding restriction sites of pBluescript SK À and sequenced.
Sequence analysis. Nucleotide sequencing of both DNA strands and computer analysis of the DNA sequence data were performed as described previously. 14) Sequence similarities were identified using BLAST. 15) A phylogenetic tree was constructed using the neighbor-joining method 16) with CLUSTAL W 17) and TREEVIEW.
18)
Southern and northern blot analyses. Isolation of genomic DNA from young rice leaves and electrophoresis of the DNA fragments digested with each restriction enzyme were performed as described previously. 19) Southern hybridization under highly stringent conditions was performed as described previously, 14) using RASI cDNA (pRASI111) as a probe.
Isolation of total RNA from each tissue of rice, agarose gel electrophoresis of RNA, and Northern hybridization were performed as described previously. 14) RASI cDNA (pRASI111) was used as a probe to estimate the level of RASI mRNA. As a control, the gels were stained with ethidium bromide to detect the amounts of rRNAs.
Expression of recombinant RASI in E. coli. To construct the expression plasmid of His-tagged RASI, the coding region of RASI cDNA (pRASI111) without the signal peptide was amplified by PCR with synthesized oligonucleotide primers (cRASI-5 0 E: GGGGG-AATTCGCGCCGCCGCCGGTGTACGA and cRASI-3 0 H: GGGGAAGCTTATTACTCTGGTGGGCTTGG). After digestion of the PCR product with EcoRI and HindIII, the DNA was subcloned into the corresponding restriction sites of pET28a (Merck), and the expression plasmid (pET28a-matRASI) was introduced into E. coli BL21 (DE3) pLysS (Merck). To express recombinant RASI protein, the transformed cells were incubated in LB medium containing 15 mg/ml kanamycin and 34 mg/ ml chloramphenicol, and expression of recombinant protein was induced with 1 mM IPTG for 3 h at 37 C.
Protein measurement and protease and protease inhibitor assays. Protein concentration was determined using a Bio-Rad protein assay kit with BSA as a standard. The activities of subtilisin were assayed at 30 C at pH 7.6 using a modified Kunitz casein digestion method. 20) Inhibitory activity toward subtilisin was assayed with the inhibitor in 0.25 ml of 0.1 M sodium phosphate buffer, pH 7.6, mixed with 0.25 ml of subtilisin solution. After incubation at 30 C for 5 min, the remaining subtilisin activity was assayed. One unit of subtilisin inhibitor was defined as the amount of inhibitor that inactivated 50% of 2 mg of subtilisin Carlsberg.
-Amylase and -amylase inhibitor assays. -Amylase activity was assayed essentially as described previously.
3) In the standard assay, 0.15 ml of -amylase was incubated with 0.3 ml of 0.15% (w/v) soluble starch dissolved in 50 mM sodium acetate buffer (pH 5.0) containing 1 mM CaCl 2 at 37 C for 10 min. The reaction was stopped by the addition of 0.75 ml of acidified I 2 -KI (0.05 M HCl, 180 mg KI/ml, and 18 mg I 2 /ml). Loss of iodine-binding capacity was measured by absorbance at 680 nm. One unit of -amylase was defined as the amount of the enzyme that completely decolorized the color of the iodo-starch reaction. The -amylase inhibitor activity was assayed as follows: The inhibitor was combined with -amylase in 0.15 ml of 20 mM TrisHCl (pH 8.0) containing 1 mM CaCl 2 . After incubation at 37 C for 30 min, the -amylase activity remaining was assayed in the same buffer. -Amylase activity without addition of the inhibitor (control) was assayed in the same way, and the inhibition rate was calculated.
Purification of recombinant RASI. Purification of recombinant RASI was performed at 4 C. Transformed cells (7.31 g) from 1 liter of culture were suspended in 40 ml of buffer A (30 mM Tris-HCl, pH 8.0, containing 2 mM EDTA) and frozen in liquid N 2 , then the frozen cells were thawed at 4 C overnight. Cells were homogenized with a supersonic wave using a TOMY, UD-200 ultrasonic disruptor for a total of 5 min with output 4 in ice. After centrifugation at 10;000 Â g for 60 min, solid ammonium sulfate was added to the supernatant to 34% saturation and the precipitate was collected by centrifugation. The proteins were dissolved in a small volume of buffer B (20 mM Na-phosphate buffer, pH 7.6) and dialyzed overnight against buffer C (buffer B containing 0.5 M NaCl, 10 mM imidazole). Insoluble proteins were removed by centrifugation, and the solution was put on a Ni Sepharose HP (His-Trap) column (0:7 Â 2:5 cm, Amersham Biosciences) equilibrated with buffer C. After the column was washed with the same buffer, the protein was eluted stepwise with every 5 ml of 20 to 500 mM imidazole in the same buffer. The fraction containing the recombinant inhibitor confirmed by SDS-PAGE was pooled and dialyzed against PBS. To remove the His-tag from the purified recombinant inhibitor, thrombin (Amersham Biosciences) was added to the dialysate at a concentration of 20 units for 1 mg of the His-tag protein, and the mixture was incubated at 22 C for 17 h. After that, the mixture was subjected to a second His-Trap column chromatography, as described above. The column-through fractions were pooled and used as the finally purified inhibitor preparation.
Preparation of crude -amylase from Tribolium castaneum. T. castaneum was purchased from Sumika Technoservice (Takarazuka, Japan). Larvae were reared continuously on wheat flour treated with a microwave oven for a total of 1 min and illuminated with a germicidal lamp for 30 min. Preparation of crudeamylase from T. castaneum was performed as described previously, with some modifications. 4) Adults or larvae of T. castaneum (5 g) were ground to a fine powder with a mortar and pestle in liquid N 2 . The powder was thawed in 8 ml of extraction buffer (50 mM Na-acetate, pH 4.6, containing 20 mM NaCl and 1 mM CaCl 2 ), and homogenized with a supersonic wave using a TOMY, UD-200 ultrasonic disruptor for total of 3 min with output 4 on ice. After centrifugation at 10;000 Â g for 30 min, cold ethanol was added to the supernatant to 30% (v/v) and the insoluble material was removed by centrifugation. Then 1% (w/v) glycogen was added to the supernatant and stirred for 1 h on ice. After centrifugation at 10;000 Â g for 30 min, the glycogen--amylase precipitate was suspended in 1 ml extraction buffer and dialyzed against the same buffer for 2 h. After the insoluble material was removed by centrifugation, the supernatant was pooled and used as the crude -amylase preparation.
Electrophoresis. SDS-PAGE was performed on a 13% slab gel according to the method of Laemmli.
21)
Protein was stained with 0.1% (w/v) Coomassie brilliant blue R-250 and then diffusion-destained in a mixture of 20% (v/v) methanol and 7% (v/v) acetic acid. Protein markers (New England Biolabs, #P7702S) were used to calculate the sizes of the proteins.
Results
Sequence and characterization of the cDNA and its gene for RASI
The pRASI-111 cDNA was 942 bp in length, including the poly (A) tail, and it had an open reading frame. There was a 44-nucleotide 5 0 -untranslated sequence before the translation start and a 298-nucleotide 3 0 -untranslated region. The predicted polypeptide consisted of 200 amino acids with a calculated molecular mass of 21,417 Da. The NH 2 -terminal amino acid sequence had features of a typical signal peptide in that it contained a long stretch of hydrophobic amino acid residues. Based on the role and structural considerations described by Nielsen et al. 22) and the finding that a sequence identical to the NH 2 -terminal amino acid residues of the purified RASI 4) appears from Ala23 in the deduced amino acid sequence, we predicted that signal peptidase processing occurs after residue Ala22, as shown in Fig. 1 . The predicted mature RASI contains 178 amino acids, and its molecular mass is 19,087 Da. Ten amino acid residues in the predicted polypeptide differ from the corresponding residues in the reported primary structure obtained by Edman degradation of purified RASI, 4) and the deduced sequence from the cDNA contains an extra two amino acids (Pro and Glu) at the C-terminal end as compared with the reported sequence. The difference in cultivar used in this experiment is one possible reason for this discrepancy.
Using pRASI-111 cDNA as a probe, clone 34b, containing an insert of about 16 kbp DNA, was identified from a rice genomic library. A restriction map and hybridizing analysis with RASI cDNA showed that clone 34b contained the whole structural region for the RASI gene. The nucleotide sequence of the genomic DNA containing the transcribed region (2,370 bp) is also shown in Fig. 1 with RASI cDNA which was completely consistent with the corresponding region of the genomic DNA except for the poly(A) tail of 10 bases at the 3 0 -end of the cDNA. Comparison of the cDNA to the genomic DNA sequence revealed that the RASI gene contains no introns.
The putative TATA box, TATACCA, and CAAT box, CAAAT, were located 39 and 89 bp upstream respectively from the start site of pRASI-111 cDNA (Fig. 1) . In the upstream region, six G-box elements (ACGTG) were found. Also, two CE1 (for coupling element 1) TGCCACCGG-like sequences containing the CACC core sequence were found near the G-box elements.
Characterization of the amino acid sequence of RASI The amino acid sequence deduced from the nucleotide sequence of RASI cDNA was compared with those of the related bifunctional -amylase/subtilisin inhibitors and soybean Kunitz trypsin-inhibitor (Fig. 2) . A pair-wise comparison of amino acid sequences shows that the RASI sequence has 60, 62, and 38% identity with those of BASI, 10) WASI, 23) and STI 24) respectively.
The sequence similarity is particularly evident between BASI and WASI, at 90% identity. A search for sequence homology using BLASTP revealed that RASI has significant sequence identities (score, >50) with a number of Kunitz-type proteinase inhibitors from several seeds and other proteins, such as miraculin, a taste-modifying protein 25) (32% identity of amino acid sequence) and related families, including tomato LeMir 26) (39%), tobacco tumor-related protein 27) (39%), and a cocoa albumin (NCBI accession no. 1802409A, 34%). A phylogenetic tree based on the sequence alignment of these proteins shows that RASI is closely related to BASI and WASI (data not shown).
Similarly to RASI cDNA, BASI and STI cDNAs encode proteins with a signal peptide consisting of 22 and 25 amino acids respectively. 10, 24) Interestingly, however, the signal peptide of RASI has no sequence similarity with that of BASI, but rather with STI (Fig. 2) . This might reflect the difference in localization between RASI and BASI, i.e., RASI localizes in the aleurone layer and embryo, 3) and BASI localizes mainly in the starchy endosperms.
10)
The Kunitz-type inhibitors, including RASI, are known to contain two intramolecular disulfide bridges. BASI has two disulfide bridges at positions Cys43-Cys90 and Cys144-Cys148 in the mature inhibitor. 28) These four Cys residues are well-conserved among three bifunctional -amylase/subtilisin inhibitors (Fig. 2) .
Localization of RASI mRNA in rice
The expression pattern of RASI in rice was analyzed by northern hybridization (Fig. 3) . A transcript of RASI was found in mature seeds, but not in the shoots and roots of seedlings, or the leaves, stems, shoots, and roots of etiolated seedlings, suggesting that expression of the RASI gene is seed-specific.
Purification of recombinant RASI
The coding region of RASI cDNA (pRASI111) without the signal peptide was subcloned into the expression vector and introduced into E. coli, as described in ''Materials and Methods.'' Expression of recombinant His-tagged RASI, which has 36 extra amino acids, including (His) 6 on the NH 2 -tarminus of the mature RASI, was induced with IPTG, and then the inhibitor with subtilisin inhibitory activity was purified from a crude extract of E. coli by procedures including (NH 4 ) 2 SO 4 fractionation, affinity column chromatography on a Ni column, thrombin digestion to remove the His-tag containing short peptide (17 amino acids) from the NH 2 -terminus of the recombinant protein, and a second Ni-column chromatography. The overall yield of subtilisin inhibitory activity was about 36% of that in the initial crude extract with 34-fold purification, and the specific activity of the purified recombinant inhibitor was 1,490 units/A 280 (Table 1), higher than that of the mature inhibitor purified from rice bran (1,300 units/ A 280 ).
3) The purified recombinant inhibitor migrated as a single protein band on SDS-PAGE (Fig. 4) . The molecular mass estimated by SDS-PAGE of the recombinant inhibitor before and after thrombin digestion was 24 and 22 kDa respectively. These values are fully consistent with those expected from the amino acid sequences of these polypeptides, and close to that of mature RASI purified from rice bran (21 kDa). 3) These results confirmed that the purified recombinant inhibitor was identical to RASI, except that the recombinant inhibitor had 19 extra amino acids on its NH 2 end.
Subtilisin inhibition by recombinant RASI
Purified recombinant RASI formed a complex with subtilisin Carlsberg. The titration curve showed that subtilisin Carlsberg was almost completely inhibited by recombinant RASI, and that the mode of inhibition was an equimolar relationship, the same as that described for native RASI (Fig. 5). 3) Inhibitor. An alignment of amino acid sequence deduced from the nucleotide sequence of pRASI-111 cDNA is shown together with reported bifunctional -amylase/subtilisin inhibitors from barley (BASI), 10) wheat (WASI), 23) and soybean Kunitz trypsin inhibitor. 24) Signal peptides were included in RASI, BASI and STI, but not in WASI due to a lack of sequence information. The alignment was created with the CLUSTAL W program. 17) Dashes represent gaps introduced to optimize the alignment. Reverse types denote amino acids that are identical to RASI, and conservative replacements are shaded. An arrowhead marks the putative cleavage site of the signal peptide of RASI. A thick underline in BASI indicates the reactive site between V89 and A90 against subtilisin. 28) Vertical arrows indicate Glu190 in BASI, which forms a hydrogen-bond to one of the Ca 2þ -coordinated water molecules. Two disulfide bonds in BASI are shown by + -+ and # -#. 28) Amino acid residues of RASI, BASI, and STI are numbered from their precursor sequences. Also, amino acid residues of mature RASI, BASI, WASI, and STI are numbered in parentheses. Inhibition of several -amylases by recombinant RASI Purified recombinant RASI weakly inhibited barley malt -amylase, as described previously for native RASI 3) (Fig. 6A) . Next, we revaluated inhibitory activity towards -amylases from the larvae and adults of T. castaneum, since RASI was once reported as a potent inhibitor against -amylase from the larvae of T. castaneum without any supporting data.
4) First, we found that the optimum pHs of the -amylases in the crude enzyme preparation from the larvae and adults of T. castaneum were 5 and 6 respectively (Fig. 7) . The pH profile of T. castaneum -amylase activity was similar to that of the protease. 29) As shown in Fig. 6A , recombinant RASI did not show any inhibitory activity toward -amylases from larvae or adults of T. castaneum at pH 6.0. The inhibitor also did not inhibit them at pH 4.0 or 8.0 (data not shown). When 100 adults of the insects were reared on several feeds, such as 100% wheat flour, a mixture of wheat flour and rice bran in a ratio of 1:1, 100% rice bran, and 100% rice endosperm powder, almost all of the adults survived on all feeds after 50 d, indicating that rice bran that contains RASI had no strong toxicity against T. castaneum. In contrast, RASI showed weak inhibitory activities towardamylases from Bacillus subtilis, Bacillus globigii, and Aspergillus oryzae, besides barley malt -amylase, at pH 8.0 (Fig. 6B ), but these inhibitory activities of RASI against -amylases from barley, bacteria, and fungi were very weak compared with those of BASI, which inhibited barley -amylase almost completely.
3) RASI did not inhibit -amylases from human saliva or porcine pancreas, as described for native RASI.
3)
Discussion
We sequenced and characterized the cDNA and the genomic DNA for RASI. The amino acid sequence deduced from the nucleotide sequence of RASI showed that it has 94% identity with that of the reported amino acid sequence of mature RASI.
4) The causes of disparity between the deduced sequence and the reported sequence are not clear, but some are likely to be due to the differences in rice cultivar used for the experiment. Since the nucleotide sequences of the cDNA and the genome DNA for RASI are entirely consistent with each other, and a precisely similar nucleotide sequence to pRASI-111 cDNA was found in a BAC clone registered in the GenBank database (accession no. AL663019), our cDNA sequence is thought to be correct. The locus of the RASI gene was found on chromosome number 4 in the rice genome (TIGR LOCUS ID: Os04g44470.1). Genomic Southern analysis showed that only one copy Subtilisin Carlsberg (4.2 mg) was incubated with purified recombinant RASI in 50 mM Na-phosphate buffer, pH 7.6, at 30 C for 5 min, and the remaining proteolytic activity was measured. C for 30 min, and the remaining -amylase activity was measured as described in ''Materials and Methods. '' of the RASI gene exists in the rice genome (data not shown). This is consistent with the information obtained from the genome database. Conversely to RASI, genes for several Kunitz-type inhibitors consist of a gene family, and some of them are localized in tandem. 30) In the upstream region of the promoter of the RASI gene, six G-box elements and two CE1-like sequences were found. The G-box motifs, the target-binding site of basic leucine-zipper protein (bZIP), are present in many ABA-inducible genes and have been designated ABREs, for ABA response elements. 31) Since multimerized copies of ABREs or a combination of the G-box and CE1 element are responsible for ABA induction for several ABA-inducible genes, 31) expression of the RASI gene might be induced in developing aleurone layers by the action of ABA as is BASI, the synthesis of which is induced in half seeds without embryos incubated with this hormone. 10) The crystal structure of the complex between AMY2 and BASI shows that BASI binds to the active site in AMY2 through a unique, completely hydrated Ca 2þ that connects the three catalytic carboxyl groups of AMY2 with side chains in BASI via a water network. 32) Fully hydrated Ca 2þ at the protein interface plays a critical role in inhibition of AMY2. 9) Glu168 in mature BASI, which forms a hydrogen-bond to one of the Ca 2þ -coordinated water molecules, has been shown to be very important for the -amylase inhibitory activity of BASI, and substitution of Gln for this Glu resulted in a severe decrease in the equilibrium dissociation constant due to an increase in the off-rate. 33) The fact that the corresponding amino acid in RASI is Gln might explain why RASI is only a weak inhibitor of barley malt -amylase, and probably of rice -amylase as well (see Fig. 2 ).
The precise biological function of RASI and the structurally related BASI, WASI, and TASI remains uncertain. Despite the similar structure of these inhibitors, their functions appear to be somewhat different, and the inhibitors may have evolved with speciesspecific biological activities. Northern blot analysis showed that expression of RASI was seed-specific (Fig. 3) , similarly to that of BASI. 10, 34) This observation, together with our previous findings for protein localization, 3) indicates that RASI has seed-specific functions. RASI and the related bifunctional inhibitors are potent in vitro inhibitors of subtilisin, which is a member of a large family of widely distributed microbial serine proteases, so these proteins are likely to act to defend seeds against invasion by microorganisms. Regarding their -amylase inhibition, while BASI and WASI appear specific for endogenous -amylases, RASI is only a weak inhibitor of rice -amylase and cannot inhibit it at the pH optimal for -amylase activity. 3) Also, inhibition by purified RASI against barley maltamylase was much weaker than by BASI, which almost completely inhibited it 3) (Fig. 6A) . The localization site of RASI is the outermost part of the rice seed, and the starchy endosperm, where starch is degraded byamylases, lacks RASI.
3) Taken collectively, the hypothesis that RASI regulates seed germination through inhibition of germination-specific -amylase(s) is very unlikely to be true. While Ohtsubo and Richardson once reported that RASI inhibited -amylase from the larvae of T. castaneum, they did not show any data in their report. 4) Here we revaluated the inhibitory activity of RASI towards insect -amylase and evidently showed that the inhibitor did not inhibit -amylases from the larvae and adults of T. castaneum at all (Fig. 6A) . Instead, RASI weakly inhibited -amylases from Bacillus subtilis, Bacillus globigii, and Aspergillus oryzae (Fig. 6B) . Therefore, RASI appears to be a more effective inhibitor of microorganisms than BASI or WASI, because it can inhibit both bacterial protease (subtilisin) and -amylases. In addition to their role in seed defense against microorganisms, BASI and WASI are likely to function in the regulation of starch degrading activity by acting on endogenous -amylase, which may be important to prevent premature sprouting of the seed. 5) Several -amylase inhibitors, including 0.19, WRP25, and WRP26 inhibitors from T. aestivum and zeamatin from Z. mays, have been reported to inhibit the - The activity of partially purified -amylases from larvae (A) and adults (B) of Tribolium castaneum was measured in 20 mM BrittonRobinson buffer containing 1 mM CaCl 2 at various pHs at 37 C for 30 min. The highest activity was taken to be 100%. amylase of T. castaneum. 35) On the other hand, Oppert et al. reported that several cysteine proteinase inhibitors were effective inhibitors of gut proteinases of T. castaneum, and that larval growth was suppressed by them. 29) Combinations of proteinase inhibitors and -amylase inhibitors might be more effective than either inhibitor class singly in the genetic manipulation of cereal seeds for enhanced protection against T. castaneum.
Since recombinant RASI had strong and weak inhibitory activities toward subtilisin and barley malt -amylase respectively, comparable with those of native RASI, perhaps recombinant RASI has a native structure with two properly formed disulfide bridges. Production of functional recombinant RASI in E. coli allows mutational analysis of the structure/function relationships of the inhibitor to be performed, and the use of these genes in the genetic engineering of crops might aid the development of valuable plants, such as ones resistant to pathogens.
